have enlightened a large array of ion channels with highly divergent properties. These channels are present in various Plant ion channel activities are rapidly modulated in subcellular membranes, including the plasma membrane, response to several environmental and endogenous the tonoplast, plastidial and mitochondrial membranes, stimuli. Electrophysiological as well as pharmacoloand those of the endoplasmatic reticulum. Ion channels gical studies provide strong evidence that ion channels differ in terms of ion selectivity, rectification properties, are essential for the induction of specific cellular activation kinetics, and single channel conductances. responses and that they are themselves subject to Furthermore, they are subject to regulation by a variety regulation by a variety of cellular factors. Genes and of cellular factors, including second messengers, such as cDNAs of several plant ion channels have been identicytosolic calcium, pH, and nucleotides, and they interact fied in recent years giving access to molecular mechwith signalling proteins, which may include protein kinanisms of such regulatory processes. Cloned inwardly ases or phosphatases, cytoskeletal components, GTPrectifying potassium channels have been investigated binding proteins and 14-3-3 proteins (Schroeder and in various heterologous expression systems. Two other Hedrich, 1989; Blatt and Thiel, 1993; Nü rnberger et al., ion channel classes, namely members of the 'two-pore ' 1997; Zimmermann et al., 1999) . K+ channel family as well as of the anion-conducting A major step forward towards the characterization of chloride channel (ClC) family, have been cloned, but plant ion channels was made by the molecular cloning of a direct link to corresponding plasma membrane or channel genes (or cDNAs), which was first reported in endomembrane ion channel conductances has not 1992. Employing a yeast complementation assay, two been demonstrated yet. Analysis of cellular expression groups independently isolated cDNAs for two types of patterns of plant ion channel genes in combination inwardly rectifying K+ channels ( KAT1, AKT1) from with transgenic approaches now gives access to a the model plant Arabidopsis thaliana (Anderson et al., detailed ex planta/in planta correlation of channel 1992; . These cDNAs served as function, as has recently been demonstrated for prostarting material for the subsequent cloning of additional teins of the K+ in channel family. This review summarizes K+ channel genes from Arabidopsis, potato and other current knowledge on molecular structures and some plant species. The electrophysiological properties of the features of structure-function relationships of plant channels encoded by these genes were mostly analysed ion channels.
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Introduction tion of mutant K+ channels exhibiting altered sensitivities Electrophysiological studies conducted over more than a to, for example, Ca2+, Cs+ and pH ( Uozumi et al., 1995; Becker et al., 1996; Ichida and Schroeder, 1996 ; Hoth et decade on many different plant species and cell types al ., 1997; Dreyer et al., 1998) . Recently, cDNAs encoding searches) have led to the molecular cloning of cDNAs for plant inwardly rectifying K+ channel from Arabidopsis 'two-pore' K+ channels and putative chloride channels have also been isolated from higher plants (Hechenberger thaliana (KAT1: Anderson et al., 1992; KAT2: Butt et al., 1997; AKT1: Sentenac et al., 1992; AKT2/3: Cao et al., et al., 1996; Lurin et al., 1996; Czempinski et al., 1997a) . However, compared to the impressive progress in animal 1995b; Ketchum and Slayman, 1996) , potato (KST1: Mü ller-Rö ber et al., 1995; SKT1: Zimmermann et al., cell research, the knowledge concerning ion channels in plants, their structure-function relationships and their 1998b; SKT2, SKT3: Ehrhardt et al., 1997) and several other plant species (Hoth et al., 1997) . Considering physiological roles is only beginning to emerge. The cellular expression patterns are now known for a few ion structural domains, these plant inwardly rectifying K+ channels can be divided into the KAT and the AKT channel genes, facilitating a direct comparison between cloned ion channels and their counterparts within the subfamilies (Schroeder et al., 1994) , which are both structurally related to the Shaker-type channels in animals cognate plant cell environment (Mü ller-Rö ber et al., 1995; Hedrich and Dietrich, 1996; Lagarde et al., 1996; Hirsch ( Fig. 1) . Several structural domains have been identified within these channel proteins, some of which have been et al., 1998). Most importantly, transgenic plants with altered ion channel activities have recently been obtained, investigated in more detail to discover their roles in relation to ion selectivity, regulation, and pharmacological which allows a more precise investigation of individual channels in relation to selected physiological processes properties. Blatt (1992) found that a decrease in the extracellular (Ichida et al., 1997; Hirsch et al., 1998) .
This review gives an overview of the molecular strucpH, which is, for example, achieved through proton efflux mediated by the plasma membrane H+-ATPase upon tures of plant ion channels as well as some regulatory mechanisms controlling their functions.
opening signals in guard cells, has an influence on K+ in but not on K+ out channels. Indeed, the pH regulation has been found to be an intrinsic property of plant K+ in channels. Extracellular acidification activates the cloned Plant K+ channels with varying structures inwardly rectifying K+ channels KST1 and SKT1 from Potassium ( K+) channels and transport systems play potato (Mü ller-Rö ber et al., 1995; Zimmermann et al., multiple roles in higher plant processes, including opening 1998) and KAT1 from Arabidopsis ( Véry et al., 1995) . and closing of stomatal pores, leaf movements and ion Sequence analysis (Fig. 2 ) and site-directed mutagenesis uptake in roots. Three different classes of K+ channels have led to the identification of two histidine residues have been described in animals, yeast and plants so far. situated in external loops of KST1 which are involved in The unique common feature of all K+ channel subunits cloned to date is the presence of a conserved pore region, called P-domain, which contributes to the K+ conductivity. Shaker-type K+ channels contain a hydrophobic core with six transmembrane domains ( TM ), Kir-type channels have only two TM. Both channel types have a single P-domain within one pore-forming (a) subunit. Functional Shaker-and Kir-type channels are multimers of four pore-forming a-subunits which may be associated with auxiliary b-subunits (Isacoff et al., 1990; Aldrich, 1994; Jan and Jan, 1994) . Members of the third class of K+ channels, which have first been cloned from yeast, human and Drosophila, contain two P-domains ( Ketchum et al., 1995; Goldstein et al., 1996; Lesage et al., 1996a) , suggesting that the association of only two a-subunits is sufficient to constitute a K+ selective pore (Lesage et al., 1996b) . In higher plants, a number of K+ in channels and recently members of the 'two-pore' K+ channel class have ous screening, yeast-based two-hybrid screening, database (Marten and Hoshi, 1997) . Moreover, construction of chimeric channels between KAT1 and a Xenopus depolarization-activated K+ channel has revealed that the inward rectification of the plant channel is determined by the amino-terminal region up to the S4-S5 linker (Cao et al., 1995a) . Site-directed mutagenesis of an amino acid within the pore region of KAT1 combined with genetic screening in K+ uptake-deficient yeast has identified amino acid T256 as being strongly involved in determining cation selectivity ( Uozumi et al., 1995) . Becker et al. (1996) Additionally, mutations at positions T256 and H267 have been found to alter the affinity towards Ca2+, the voltage dependence as well as kinetics of the Ca2+ blocking sensing the extracellular pH (Hoth et al., 1997) . Additionally, modulation of the stomatal K+ in currents by reaction (Dreyer et al., 1998) . Mutations within the pore domain (H267T, E269V ) changed the sensitivity towards intracellular pH corresponds nicely to the pH sensitivity of the cloned K+ in channel KAT1 from Arabidopsis, which externally applied blockers Cs+ and TEA+ (Ichida and Schroeder, 1996) . This mutant channel has been used to is predominantly expressed in guard cells (Hoshi, 1995 Another structural element within K+ in channels from 1997; see below). As a conserved structural feature, proteins of the AKT different plant species is a putative nucleotide binding site Mü ller-Rö ber et al., 1995) . subfamily ( Fig. 1 ) contain so-called ankyrin repeats within their C-terminal halves ; Cao Deletion of a C-terminal fragment including this domain suppresses the activity of KAT1 in Xenopus oocytes et al., 1995b; Ketchum and Slayman, 1996; Ehrhardt et al., 1997; . The numbers of (Marten and Hoshi, 1997; see below). The K+ in channels produced in heterologous expression systems as well ankyrin repeats are different in AKT1-or AKT2-type proteins, being six or five, respectively. These repeats as the K+ in currents measured in guard cell protoplasts require hydrolysable ATP to remain activated (Hoshi, represent potential domains for interactions of membrane proteins with the cytoskeleton, as has been shown in 1995; Mü ller-Rö ber et Gaymard et al., 1996; . However, the question remains animal cells (Bennett, 1992; Mills and Mandel, 1994) . Pharmacological studies on guard cells have demonstrated open whether this nucleotide binds directly to the channel or whether it is required, for example, for channel phosthat actin filaments contribute to regulation of K+ in channel activities as well as of stomatal aperture (Hwang et phorylation. Furthermore, cyclic nucleotides may act as second messengers on plant ion channels (Assmann, al., 1997) . However, the guard cell K+ in channels KAT1 (Arabidopsis) and KST1 (potato) lack such ankyrin 1995), and indeed, the cloned plant K+ in channels possess a domain with homology to binding sites for cyclic sequences, suggesting that other channel domains might participate in the regulation by cytoskeletal proteins. nucleotides. Studies on the channels KAT1 and AKT1 upon expression in Xenopus oocytes and insect cells A highly conserved protein domain was detected at the extreme C-terminus of all plant K+ in channel proteins indicate a cGMP-dependent shift of their activation potentials towards more negative voltages (Hoshi, 1995;  identified in higher plants (Basset et al., 1995; Ehrhardt et al., 1997) . It has been possible to demonstrate that the Gaymard et al., 1996) . Although suggestive, a direct binding of cyclic nucleotides to the channel proteins still conserved C-termini (designated K HA -domains) mediate direct interactions between individual channel polypephas to be proven.
Site-directed mutagenesis or deletions of certain tides ( Fig. 3 ). Heterologous expression of the plant channel KST1 in insect cells has revealed channel clustering domains of the channel proteins, mainly in KAT1, have given more insight into amino acids responsible for gating mediated by the K HA -domain (Ehrhardt et al., 1997) , indicating that it participates in the regulation of channel behaviour and pharmacological sensitivities. The voltagedependence of KAT1 has been found to be dependent on distribution. In the Arabidopsis mutant akt1-1, which produces 3∞-terminally truncated AKT1 transcripts, supboth C-and N-termini as indicated by deletion studies pression of K+ in currents has been observed (Hirsch et al., in plant K+ in channels. In vitro, the Arabidopsis b-subunit 1998; see below). This result suggests that the electroprotein (called KAB1) associates with KAT1 and AKT1 physiological competence of the channel is affected by a protein ( Tang et al., 1996 ( Tang et al., , 1998 , but the physiological destabilization of the tetrameric channel complex. Such a role of these interactions remains unknown. Recently, Li tetrameric complex was found for AKT1 polypeptides et al. (1998) have shown a calcium-dependent phosphorylafter expression in insect cells (Daram et al., 1997) . The ation of the guard cell K+ in channel KAT1 in vitro by a same authors showed that tetrameric structures were also calcium-dependent protein kinase (CDPK ), isolated from formed when the whole C-terminal cytoplasmic region of Vicia faba guard cell protoplasts. In addition, a role of AKT1 (i.e. without membrane-spanning segments) was CDPK-mediated KAT1 phosphorylation in calciumexpressed. By testing subfragments of AKT1 in the yeast mediated K+ in channel inhibition during stomatal closing two-hybrid system, the authors demonstrated two types is supported by a report of Kamasami et al. (1997) , who of interactions: (1) an interaction of identical channel demonstrated that coexpression of KAT1 and a CDPK fragments involving the cyclic nucleotide-binding domain from soybean in Xenopus oocytes leads to a 10-fold (cNBD), and (2) an interaction between the very reduction of KAT1-mediated K+ currents. C-terminus (including K HA ) and the region downstream A different type of putative plant channels with some of the last transmembrane spanning region. In accordance similarity to K+ and animal olfactory channels has with a functional role of the first type of interaction in recently been shown to contain a calmodulin-binding AKT1, C-terminal deletions of KAT1 including the cNBD domain (Schuurink et al., 1998) . This membrane protein, led to a loss of channel function when expressed in the cDNA of which was cloned from barley aleurone Xenopus oocytes (Marten and Hoshi, 1997). However, cells, contains a putative cyclic nucleotide-binding domain deletion of the K HA domain alone had no influence on at its C-terminus. Unfortunately, functional activity of the activities of KST1 ( Ehrhardt et al., 1997) Dreyer et al. (1997) 
obtained in a
The cloned K+ channel KCO1 from Arabidopsis thaliana heterologous expression system (Xenopus oocytes) argue represents the first plant member of the 'two-pore' K+ for a formation of electrophysiologically active heteromchannel class (Czempinski et al., 1997a) . Like other 'twoeric channels, leaving, however, the question open whether pore' K+ channels from the animal field the KCO1 or not such a heteromultimerization is physiologically protein has four predicted transmembrane domains relevant in planta. ( Fig. 4) . Genes coding for K+ channel proteins with the The identification of interacting proteins mediating same overall structure, including all of the conserved channel regulation will be a step forward towards the domains, have also been cloned from Solanum tuberosum establishment of signal transduction chains. Proteins with (StKCO1 and StKCO2; Czempinski et al., 1997b) . significant homologies to b-subunits of animal K+ in chanPutative regulatory elements like several consensus sites nels (Aldrich, 1994) have been identified in Arabidopsis for phosphorylation by protein kinases have been identi- ( Tang et al., 1995) , potato (S Elge and B Müller-Rö ber, fied within the predicted cytosolic regions of the proteins. unpublished results), and rice (Fang et al., 1998) , suggesting that b-subunits may also be regulatory elements Whether phosphorylation/dephosphorylation plays a role Ca2+. Indeed, KCO1 elicits outwardly directed potassium currents which are dependent on physiologically relevant, et al., 1997a) . These results, initially obtained in Baculovirus-infected insect cells, have to be confirmed in independent expression systems. Unfortunately, heterologous expression of KCO1 in Xenopus oocytes leads to markedly reduced Mü ller-Rö ber, unpublished data). Based on the available overall structure with other 'two-pore' K+ channels from the animal field (models of TWIK-1/TREK-1 and ORK1 are shown), whereas sequence information, a structural model with four TM TOK1, the yeast outwardly rectifying K+ channel, represents another and two P-domains can be suggested for AtKCO2. In structural type of a-subunits. A short, highly basic amino acid stretch marked contrast, AtKCO3 exhibits only two TM and a ( KR) of unknown function at the N-terminus and tandem Ca2+-binding EF-hand domains at the C-terminus are present in the KCO1 single P-domain (Fig. 6) . The P-domains in K+ channels protein (shown as boxes).
of the KCO family contain the highly conserved GYGD (or GFGD) motif, but neither the conserved asparagine, nor the histidine residue involved in pH sensing of plant in the regulation of channel activity has to be analysed. K+ in channels is present ( Fig. 2) . Despite the very different A short, highly basic region ( KR-motif ) of unknown topologies of the two new KCO proteins, the amino acid function is located at the N-terminus of KCO1-like procomposition is more conserved between these proteins teins: in KCO1 seven out of nine amino acids are repres-(67%) than between KCO1 and AtKCO2 (35%) or ented by R or K residues ( Fig. 4) . Additionally, two AtKCO3 (27%), respectively. In both protein sequences EF-hand motifs, i.e. potential Ca2+-binding sites, are tandem EF-hand motifs are found within their C-termini. present at the C-terminus. The presence of EF-hand At present it is not known whether these motifs confer domains is so far a unique feature of plant 'two-pore' Ca2+-binding properties to these two putative K+ chan-K+ channels in comparison to proteins from mammals, nels. However, the KR motif existing in KCO1-like Drosophila, or Caenorhabditis elegans. The C-terminus of proteins is neither present in AtKCO2 nor in AtKCO3. KCO1 displays Ca2+-binding properties in vitro as can According to the proposed structures, AtKCO2 is a new be shown qualitatively by a Ca2+-dependent mobility member of the expanding family of 'two-pore' K+ chanshift assay via polyacrylamid gel electrophoresis (Fig. 5) , suggesting direct regulation of this plant ion channel by nels, whereas AtKCO3 represents a novel type of K+ positive than −100 mV, anion influx mediated by channels becomes possible ( Tyerman, 1992; Skerett and Tyerman, 1994) . Just as cation channels, anion channels contribute to the specificity of the physiological function of cells which is achieved by highly and differentially regulated anion effluxes. Apart from the regulation via the electrochemical gradient (voltage dependence), other regulatory elements (and feedback-mechanisms) such as nucleotides, hormones, Ca2+, pH, malate, CO 2 , and phosphorylation/ dephosphorylation events (for reviews see Hedrich, 1994; Zimmermann et al., 1999) have been described.
Biophysical methods allow the identification and characterization of ion fluxes across the plasma membrane as well as across vacuolar and photosynthetic membranes (Hedrich and Neher, 1987; Schö nknecht et al., 1988; Hedrich and Schroeder, 1989) . In guard cells, two different anion channels involved in stomatal closure have been described, mainly in Vicia faba. Keller et al. (1989) have found an anion channel selective for chloride which is rapidly activated upon depolarization of the membrane potential resulting in a short-term anion efflux. Slowly activating Ca2+-dependent anion currents (Schroeder and Hagiwara, 1989; Linder and Raschke, 1992; Schroeder and Keller, 1992 ) mediating long-term anion efflux and depolarization of guard cells are assumed to play a Although sequences with homology to voltagedependent chloride channels from the animal system (ClC-protein family; for review see Paulmichl et al., 1993) channels in plants structurally related to animal Kir-type channels (see above).
have been detected within the plant genome, functional correlation with anion channels electrophysiologically Functional characterization of both channel proteins in heterologous expression systems or plant cells will characterized in plants can not be demonstrated so far. The first plant member of the ClC family identified was enlighten which type of ion currents are facilitated by these proteins. Furthermore, determination of the target ClC-Nt1 from tobacco, which was cloned by a PCRbased cDNA library screening approach (Lurin et al., membrane of proteins of the KCO family is necessary to reveal their physiological roles in signal transduction and 1996). Hechenberger et al. (1996) have reported the ESTbased cloning of four cDNAs from A. thaliana, all of in other cellular processes.
which encode members of the ClC family (AtClC-a to -d ). When compared with all ClCs known so far (for
Anion channels
review see Jentsch and Gü nther, 1997), the plant ClC sequences show higher homology to human ClC-6 and 7, In plant cells, anion channels regulate anion efflux from the cytoplasm into the extracellular space, which is driven than to the yeast homologue ScClC (Greene et al., 1993) . ClC-Nt1 is most closely related to AtClC-c (75% identity), by the anion-gradient across the plasma membrane and the negative membrane potential of plant cells. Since and so is a similar protein from potato, for which the corresponding cDNA has been isolated (StClC-c; AC: plant cells have to deal with low extracellular anion concentrations, anion uptake is energetically coupled Y10338; N Gaedeke and B Mü ller-Rö ber, unpublished results). Recently, Fahlke et al. (1997) described a conand/or driven by the plasma membrane proton gradient (Felle, 1994) . Only under salt stress, when the chloride served amino acid sequence motif in proteins of the ClC family from animals and yeast, GKxGPxxH, which is concentration rises and the membrane potential is more also present in all plant ClC proteins identified. . It still needs to be clarified, whether ClCs function as a tetramer (Steinmeyer et al., 1994) or dimer region, together with neighbouring sequences in one or more of the 12 transmembrane/hydrophobic domains, (Middleton et al., 1994) . Furthermore, it remains open, whether some ClCs require subunit heteromerization to might contribute to isoform-specific anion selectivity.
Even though Lurin et al. (1996) observed an anion be active. To elucidate whether different plant ClC proteins can interact at all in a plant cell it is moreover efflux induced by ClC-Nt1 in Xenopus oocytes, Hechenberger et al. (1996) argue against a ClC-mediated necessary to study the cellular expression patterns of CLC genes. current and propose the resulting currents to be endogenous to the oocytes ( Kowdley et al., 1994; Shimbo et al., Beside the ClC family, additional anion transporters have been described in terms of their molecular structures 1995; Tzounopoulos et al., 1995) . Detection of channel activity by electrophysiological means failed upon heteroin animals (for review Paulmichl et al., 1993) . Various cloned plant ABC transporters show homology to MRP logous expression of AtClC proteins in Xenopus oocytes (Hechenberger et al., 1996) and StClC-c in insect cells and MDR proteins (Dudler and Hertig, 1992; Wang et al., 1996; Lu et al., 1997 Lu et al., , 1998 Tommassini et al., 1997 ; (N Gaedeke, S Hartje, S Zimmermann, and B Mü ller-Rö ber, unpublished results). However, one indication for Sánchez-Fernández et al., 1998 ; N Gaedeke and B Mü ller-Rö ber, unpublished results), but no CFTR-like protein a physiological function is given for AtClC-d. The Arabidopsis channel protein has been found to compleexhibiting anion conductivity has been molecularly identified so far. Also no cDNAs encoding proteins with ment a ScClC-deficient yeast strain and to be targeted to intracellular membranes. Mutated in its single ClC homohomology to one of the other protein families involved in chloride transport, for example, I cln (Paulmichl et al., logue, the yeast mutant needs high iron levels for normal growth. Complementation of the yeast strain with 1992), have been isolated. Therefore the molecular entities mediating anion transport across plasma membranes still AtClC-d points to a role of the plant protein in intracellular iron metabolism, since the uptake of extracellular need to be identified. iron into the mutant cells appears to be unaffected (Hechenberger et al., 1996) . This result raises the question in which cellular membranes ClC proteins are localized From molecular structures to physiological functions within plant tissues in planta.
Since ClC proteins from plants could not be characterAs important steps in understanding the molecular mechized thoroughly by electrophysiological means when anism of plant ion channel function and regulation, expressed in a heterologous system, unknown subunits or several ion channels have been cloned and characterized regulatory proteins may be lacking. In order to identify in heterologous expression systems, providing imporinteracting proteins, the N-and the C-terminal cytotant information on basic biophysical properties and plasmic domains of StClC-c were used as bait in the structure-function relationships. However, to understand yeast-based two-hybrid system, to screen a potato cDNA the physiological roles of plant ion channels within their library. This approach failed to give positive clones, i.e. own cellular context it is necessary to know their exact no interacting proteins could be identified (N Gaedeke expression patterns, and suitable plant cell models are and B Mü ller-Rö ber, unpublished results).
required. Structure-function relationships have been extensively studied on proteins of the mammalian ClC family (for Expression patterns of plant ion channel genes review see Jentsch and Gü nther, 1997), resulting in a model of these channels as shown in Fig. 7 
(Jentsch et
Since functional characterization of ion channels in vitro needs to be correlated to in vivo studies, the expression patterns of these proteins and their corresponding genes in plant tissues and cell types have to be investigated. The inwardly rectifying K+ channel KST1 from potato was the first example for which the electrophysiological properties of the cloned channel expressed in Xenopus oocytes were directly correlated with the inwardly rectifying K+ currents detectable in potato guard cells (Mü ller-Rö ber et al., 1995) . Moreover, the KST1 gene is specifically expressed in guard cells as shown by in situ hybridiza- (1996) summarized the data obtained by promoter-reporter gene studies, in situ hybridization and RNA blot analysis regarding the expression patterns of plant K+ in channel genes. Currently, more data about the expression patterns of ion channels accumulate. It becomes more and more evident, that homologous genes of different species are found in the same tissues.
KAT1 expression has been shown by promoter-GUS (b-glucuronidase) fusion experiments in the guard cells of A. thaliana (Nakamura et al., 1995) . Transcripts of a second member of the KAT family (KAT2) have been detected in RNA isolated from A. thaliana leaves (Butt et al., 1997) . The AKT1 gene appears to be preferentially expressed in A. thaliana roots, as shown by promoter-GUS studies as well as by RNA blot analysis (Lagarde et al., 1996) . The authors also demonstrated the presence of an AKT1 homologous protein in plasma membraneenriched fractions of Brassica napus roots. A similar isolated from roots . In addi- in leaves, but not in roots as demonstrated by RNA blot analysis (Cao et al., 1995b) , whereas expression of the potato SKT2 gene has been found throughout the plant in planta they already may help to elucidate the physiologi-( Ehrhardt, 1998). The expression of SKT2 can be ascribed cal functions of cloned channels. to the vascular tissue, presumably to xylem parenchyma cells, as shown by promoter-GUS studies (N Gaedeke
Transgenic plants with modified channel activities and B Mü ller-Rö ber, unpublished results). RT-PCR anaTransgenic approaches allow the study of cloned plant lysis proved that SKT3 is weakly expressed in potato ion channels within their natural environment and to gain leaves, roots, and tubers . Up to now clues about their physiological activity or their contribuonly little expression data are available for 'two-pore' K+ tion to signalling cascades. channels. KCO1 transcripts have been found by RT-PCR Expression and biophysical characterization of the in all Arabidopsis tissues investigated, including flowers, KAT1 protein in tobacco mesophyll cells allowed the leaves, roots, and stem (Czempinski et al., 1997a) .
comparison of K+ channel properties observed in planta Figure 8 summarizes the current knowledge on expression and in different other expression systems (Xenopus patterns of cloned K+ channel genes. oocytes, yeast, insect cells; Bei and Luan, 1998) . In More pieces to the puzzle of channel activity have addition, these experiments (and those by Ichida et al., recently been given by Tang et al. (1998) investigating 1997, see below) gave direct evidence for the localization the expression pattern and localization of a putative of active KAT1 channels in the plasma membrane. The regulatory b-subunit ( KAB1) of A. thaliana K+ channels.
transgenic tobacco plants showed normal growth comUsing immunogold labelling, KAB1 protein was detected pared to control plants, suggesting that expression of in the plasma membrane as well as in various intracellular KAT1 behind the strong and almost constitutively membranes in both leaves and roots, indicating that expressed 35S cauliflower mosaic virus promoter does not KAB1 (or an homologous protein) forms complexes with interfere with normal plant development. In patch-clamp K+ in channels in different parts of the plant. experiments similar channel properties, such as single The expression patterns of members of the ClC gene channel conductance or cation selectivity, could be family have been determined by RT-PCR analysis. ClC detected regardless of the expression system used. transcripts can be found in all tissues investigated, i.e. However, expressed channels showed different behaviours seedling, root, leaf, flower and stem (Hechenberger et concerning some properties, for instance sensitivities of al., 1996).
KAT1 to Ba2+ after expression in Xenopus oocytes, yeast In summary, although these data do not completely and mesophyll cells as well as activation potentials of KAT1 currents in insect cells and mesophyll cells were describe the expression patterns of ion channels present found to vary, suggesting that particular but unknown regulation of ion channels, since, for example, the activation of the S-type anion channel by ABA was strongly cellular components present in the different expression impaired in these mutants (Pei et al., 1997 Ion channels react to a number of internal and external insertion of a T-DNA within the 3∞ coding region. The stimuli, thereby controlling cellular functions. In turn, physiological analysis of the mutant plants has allowed they are themselves subject to regulation by various to discern the specific role of the AKT1 channel in plant effectors, thus allowing the cell to use ion channel activitnutrition. The akt1-1 mutation selectively abolishes the ies as fine-tuners of membrane potentials and ionic con-K+ in currents, but not K+ out currents in root cells. Mutant centrations, and as coupling elements in the interacting plants displayed a visible phenotype in the presence of network of signalling cascades. As summarized in this NH+ 4 : they grew poorly on media containing 100 mM review, molecular data are available for several of the ion potassium or less. However, the mutant phenotype was channels participating in these pathways. Various strucabolished in the presence of higher potassium concentratural features of channel proteins, including conserved tions, whereas no K+ in current has been detected in patchamino acids (histidine residue in the P-domain of plant clamp experiments in 30 mM potassium, questioning a K+ in channels) or conserved protein stretches (C-terminal direct link between detected currents and mutant interaction domain in K+ in channels, EF-hands in KCOphenotype.
like channels), have been identified and experimentally Modulation of regulatory elements in transgenic plants linked to certain functional characteristics of these chanwill additionally clarify molecular mechanisms of plant nels. However, most of these data were collected by in ion channel regulation. For instance, 14-3-3 proteins have vitro studies or through heterologous expression systems. been identified as candidates for regulators of plant ion
To investigate the physiological meaning of the properties channels in transgenic tobacco lines (Saalbach et al., attributed to cloned channels, it will be necessary to 1997). In animal cells, 14-3-3 proteins bind to various employ transgenic or mutant plants with altered channel signalling proteins, thereby modulating their activities activities for physiological studies in future experiments. (Aitken, 1995) . Overexpression of two different Vicia Recent reports by various research groups (Ichida et al., faba 14-3-3 proteins in transgenic tobacco plants led to 1997; Bei and Luan, 1998; Hirsch et al., 1998 ) strongly an enhancement of outwardly directed K+ conductance support such a view. Besides this, the characterization of in mesophyll cell protoplasts, the underlying mechanism, novel channel mutants created by gene technology will however, has not been described in detail (Saalbach et give additional clues on structure-function relationships al., 1997). 14-3-3 proteins possibly regulate K+ channel of plant ion channels. It is, however, obvious that regulaactivities by direct protein-protein interactions or, alterntion of ion channels not only relies on the channel proteins atively, via intermediate steps involving, for example, themselves, but to a great extend also on regulatory protein kinases.
polypeptides, such as auxiliary b-subunits, 14-3-3 proVarious ion channels contribute to stomatal closure in teins, protein phosphatases/kinases, G-proteins, and cytoresponse to, for example, ABA treatment. New hints for skeletal components. The interactions of these proteins regulatory processes within these signalling cascades arose with plant ion channels has to be another focus in future from the analysis of the Arabidopsis abi1-1 and abi2-1 experiments. mutants which were genetically identified during a screen for insensitivity to ABA. The affected genes in these two Plesch and S Wiese for critically reading the manuscript. Part
